T umor necrosis factor-␣ (TNF-␣) is a proinflammatory cytokine that has been consistently found to be elevated in the plasma of patients with congestive heart failure. [1] [2] [3] [4] TNF-␣ is also expressed by the human myocardium in ischemic and nonischemic dilated cardiomyopathy. 5 In addition to its potent negative inotropic effects, TNF-␣ has been shown to play a key role in the pathogenesis and progression of left ventricular (LV) remodeling. 6 -9 Because LV pressure overload and in vitro myocardial stretch are sufficient stimuli to induce TNF-␣ gene and protein expression in the feline myocardium 10 and in the plasma of patients with aortic stenosis and mitral regurgitation (MR), 11 we sought to determine whether TNF-␣ plays a role in the pathogenesis of LV remodeling that occurs in patients with chronic MR. Because expression of interleukin 6 (IL-6) may be regulated by TNF-␣, plasma levels of IL-6 and its receptor were also examined. 12 Accordingly, the purposes of this investigation were to determine whether myocardial and plasma TNF-␣ gene and protein expression are increased in MR patients, to determine whether a relationship exists between TNF-␣ expression and parameters of LV volume overload and remodeling, and to determine whether correction of the LV volume overload with mitral valve (MV) repair surgery leads to a reversal of TNF-␣ expression and regression of LV remodeling in MR patients.
Methods

Study Subjects
The study group consisted of 26 patients referred for an assessment of the severity of their chronic MR. Patients with coronary artery disease, atrial fibrillation, aortic valve disease, and concomitant mitral stenosis were excluded from this study. The mean age was 56Ϯ13 years (range, 34 to 76 years), and there were 23 men and 3 women. Nine MR patients were in NYHA functional class I, 9 were in class II, and the remaining 8 were in class III.
Plasma samples obtained from 15 age-matched subjects (mean age, 56Ϯ8 years) without evidence of systemic or cardiovascular disease were assayed to determine the reference plasma cytokine values. Myocardial biopsy specimens were obtained from 10 donor hearts at the time of transplantation. The mean age of the donors was 38Ϯ13 years, and there were 8 men and 2 women. None of the donor hearts had coronary artery disease, and the mean LV ejection fraction was 0.66Ϯ0.09.
Study Protocol
The study protocol was approved by the Institutional Review Boards of the University of Michigan and Veterans Affairs Medical Centers (Ann Arbor, Mich). All patients underwent an extensive evaluation, including right heart catheterization, coronary arteriography, and biplane contrast cineventriculography before MV repair and 2-dimensional echocardiography, radionuclide angiography, and measurement of cytokine levels both before and after MV repair.
Because of the severity of MR, all patients were referred for mitral valve repair surgery. In 11 of the 26 subjects who underwent MV repair, a biopsy specimen was obtained from the endocardial surface of the middle one third of the LV at the time of surgery. In 9 patients who had MV surgery, a plasma sample was available 23Ϯ12 months after MV repair to measure cytokine levels.
Hemodynamic Assessment
Right heart catheterization and coronary arteriography were performed in all MR patients. Then a micromanometer-tipped catheter (Millar Instruments) was positioned for measurement of LV pressures and to perform biplane contrast cineventriculography. LV end-diastolic and end-systolic volumes were calculated from biplane contrast cineventriculograms using a modified Simpson's algorithm, as previously validated in our laboratory. 13 Forward LV stroke volume was calculated from the thermodilution cardiac output and heart rate, and regurgitant volume was the difference between LV output (end-diastolic minus end-systolic volume) and LV stroke volume.
Radionuclide Angiography
Gated equilibrium radionuclide angiograms were obtained before and 18Ϯ9 months after MV repair. Radionuclide LV end-diastolic and end-systolic volumes were calculated from backgroundsubtracted, hand-drawn, region-of-interest LV count data that were corrected for frame duration, cardiac cycles acquired, decaycorrected blood sample counts, and attenuation, as previously validated in our laboratory. 14 Then radionuclide LV ejection fraction was calculated as EFϭ(EDVϪESV)/EDV, where EF represents ejection fraction, EDV represents the maximal volume, and ESV represents the minimal volume from the LV volume curve. Right ventricular ejection fraction was calculated in a similar manner using count data.
Two-Dimensional Echocardiography
Two-dimensional echocardiograms were obtained before and 18Ϯ9 months after MV repair. LV end-diastolic and end-systolic diameters were determined, and fractional shortening was calculated as the difference between these measurements divided by the end-diastolic dimension.
Cytokine Assays
Cytokine assays for TNF-␣, TNF receptor 1 (TNFR1) and 2 (TNFR2), IL-6, and IL-6 receptor (IL-6R) were performed using plasma samples obtained from all control subjects and MR patients before MV repair. In 9 MR patients, cytokine assays were repeated 23Ϯ12 months (range, 10 to 39 months) after MV repair. Cytokine assays were performed using commercially available, highsensitivity, enzyme-linked immunoassays (Quantikine HS, R&D Systems). 4 
Mitral Valve Surgery
All patients were cooled to a systemic temperature of 28°C, and myocardial preservation was achieved by using antegrade and retrograde cardioplegia to maintain a myocardial temperature between 10°C and 15°C. All patients had a successful MV repair. Specimens from the LV were harvested immediately after cardiopulmonary bypass was initiated and were snap-frozen in liquid nitrogen. Samples were stored at Ϫ70°C for RNA extraction.
Quantitative PCR
Total RNA was isolated using the Trizol reagent (Life Technologies). Total RNA was reverse transcribed to obtain single-stranded cDNA using AMV Reverse Transcriptase (Boehringer Inc) at 42°C for 60 minutes. Primers for human TNF-␣ (sense primer 5Ј-AAGAGTTCCCCAGGGACCTCT-3Ј; antisense primer 5Ј-TGGGAGTAGATGAGGTACA-3Ј) and ␤-actin (sense primer 5Ј-AGCACGGCATCGTCACCAACT-3Ј; antisense primer 5Ј-TGGCTGGGGTGTTGAAGGTCT-3Ј) were designed using specific software (DataMinder, NIH). Primers were designed so that they were located on different exons to prevent coamplification of genomic DNA. Copy number standards were generated using the appropriate cDNA clones of human TNF-␣ and ␤-actin cDNA (American Type Culture Collection). Real-time quantitative PCR reactions were performed in the LightCycler-32 system (Roche Inc) using the SYBR Green-I method. 15 Melting curve analysis was performed to confirm the specific product. PCR reactions that demonstrated amplification were chosen for quantification. Because of the low quantity of the biopsy samples, ␤-actin mRNA copy numbers were used to normalize the TNF-␣ mRNA samples. The data are presented as copies of cytokine transcripts per 10 6 copies of ␤-actin.
Statistical Analysis
Data are shown as meanϮ1 SD. Cytokine levels in the control subjects and MR patients were compared with the Student's t test. The change in cytokine levels with NYHA class was compared with ANOVA. Paired t tests were used to compare the cytokine levels before and after MV repair surgery. Pearson correlation matrices were constructed to determine the correlations between cytokine expression and hemodynamic parameters and measures of LV size and systolic performance. PϽ0.05 indicated statistical significance. Figure 1 ).
Results
Baseline Plasma Cytokine Levels
Plasma Cytokine Levels and NYHA Functional Class
Plasma TNF-␣, TNFR1, TNFR2, and IL-6 levels increased as NYHA functional class deteriorated (PϽ0.001, ANOVA). Interleukin-6 receptor levels were not significantly different among MR patients in different NYHA functional classes.
Myocardial TNF-␣ Gene Expression in MR Patients and Normal Donor Hearts
Myocardial expression of TNF-␣ mRNA copies corrected for ␤-actin mRNA copies was increased in MR patients (38.96Ϯ42.74ϫ10 6 ) compared with otherwise healthy donor Figure 2A ), but not with its receptors. There was a correlation between the plasma IL-6 levels and myocardial TNF-␣ mRNA expression (rϭ0.72, Pϭ0.01, Figure 2B ), but not with its receptor.
Hemodynamic Parameters and Cytokine Expression
Hemodynamic parameters in MR patients are shown in Table  1 . There was a correlation between the plasma TNF-␣ levels and pulmonary artery systolic (rϭ0.44 Pϭ0.03), pulmonary artery diastolic (rϭ0.44 Pϭ0.03), and pulmonary capillary wedge pressures (rϭ0.43 Pϭ0.04). Both TNF-␣ receptor 1 and 2 levels had a correlation with the pulmonary capillary wedge pressures (rϭ0.35 and 0.50, Pϭ0.09 and 0.01, respectively). There was no significant correlation between the plasma levels of IL-6 or its receptor and pulmonary artery pressures. Similarly, there was a trend toward a correlation between myocardial TNF-␣ gene expression and pulmonary artery systolic (rϭ0.61, Pϭ0.06), pulmonary artery diastolic (rϭ0.50, Pϭ0.15), and pulmonary capillary wedge pressures (rϭ0.59, Pϭ0.07).
Ejection Fraction and Cytokine Expression
There was no significant correlation between myocardial TNF-␣ gene expression and the LV and right ventricular EF.
LV Volumes and Cytokine Expression
There was a correlation between the plasma levels of TNF-␣ and both the LV end-diastolic (rϭ0.64, Pϭ0.001) and endsystolic volumes (rϭ0.64, Pϭ0.001, Table 2 ). Likewise, both TNFR1 and TNFR2 had a correlation with LV end-diastolic and end-systolic volumes. However, there was no significant correlation between the plasma levels of IL-6 and its receptor and LV end-diastolic and end-systolic volumes. There was also a correlation between plasma TNF-␣ and forward stroke volume (rϭ0.48, Pϭ0.02) and regurgitant volume (rϭ0.58, Pϭ0.005). A similar correlation also existed between plasma TNF-␣ receptor 1 and 2 and the forward stroke and regurgitant volumes (Table 2 ). These relationships also persisted with TNF-␣ and its receptors after indexing the volume data to body surface area (Table 2) . Moreover, there was a correlation between the myocardial TNF-␣ gene expression and LV end-diastolic (rϭ0.67, Pϭ0.006) and end-systolic (rϭ0.74, Pϭ0.002) volumes before MV surgery.
There was also a strong correlation between preoperative LV regurgitant volume and end-diastolic volume (rϭ0.79, Pϭ0.0001). The intercept of this relationship at zero regurgitant volume occurred at an LV end-diastolic volume of 132 mL. This suggests that the degree of LV dilatation in these patients with chronic MR was directly proportionate to the extent of MV regurgitation.
Transmyocardial Cytokine Expression
The levels of TNF-␣ and IL-6 and their receptors were not significantly different between the simultaneously drawn arterial and coronary sinus plasma samples.
Reversal of Cytokine Expression After MV Surgery
At 23Ϯ12 months (range, 10 to 39 months) after MV repair, there was a decrease in the plasma levels of TNF-␣ (2.79Ϯ1.14 versus 3.51Ϯ1.34 pg/mL, Pϭ0.02, Figure 3 ), TNFR1 (774Ϯ177 versus 931Ϯ187 pg/mL, Pϭ0.007, Figure  4A ), and TNFR2 (1450Ϯ254 versus 1989Ϯ381 pg/mL, Figure 4B ) compared with the preoperative values. Postoperative plasma levels of IL-6 (2.90Ϯ1.78 versus 6.07Ϯ6.58 pg/mL, Pϭ0.13) and its receptor (31.3Ϯ8.1 versus 36.0Ϯ5.2 ng/mL, Pϭ0.16) were not significantly different compared with the preoperative levels.
PϽ0.001,
Reverse LV Remodeling After MV Surgery
Parallel to the postoperative decrease in cytokine expression in MR patients after MV repair, there was a decrease in LV end-diastolic diameter (Pϭ0.001) and LV end-diastolic volume (Pϭ0.01, Table 3 ). There was also a trend toward a decrease in LV end-systolic volume (Pϭ0.07) and NYHA functional class (Pϭ0.05) after MV surgery (Table 3) . However, there was no significant change in LV end-systolic diameter and fractional shortening or LVEF.
Relationship Between TNF-␣ Expression and LV Reverse Remodeling After MV Surgery
There was an inverse correlation between myocardial TNF-␣ gene expression and the change in radionuclide LV end-diastolic (rϭϪ0.76, Pϭ0.007) and end-systolic (rϭϪ0.73, Pϭ0.01) volume after MV repair (Figures 5 and 6 ). The extent of reduction in LV volumes was larger in patients with increased levels of preoperative myocardial TNF-␣ mRNA expression.
Preoperative plasma TNF-␣ levels also showed an inverse correlation, although not as strong, with the extent of reverse LV remodeling after MV repair. There was an inverse correlation between the plasma TNF-␣ levels and the extent of decrease in radionuclide LV end-diastolic (rϭϪ0.64, Pϭ0.02) and end-systolic volumes (rϭϪ0.52, Pϭ0.08). Although plasma TNFR1, IL-6, and IL-6R levels did not show a significant correlation with the extent of postoperative change in LV volumes, there was an inverse correlation between the preoperative plasma TNFR2 and change in LV end-diastolic (rϭ0.61, Pϭ0.03) and end-systolic (rϭ0.51, Pϭ0.09) volumes. 
Discussion
Main Findings
The main findings in this study are the following: (1) TNF-␣ expression is increased both in the myocardium and plasma of patients with chronic MR; (2) there is a relationship between the extent of LV dilatation and TNF-␣ expression; (3) correction of the LV volume overload state with MV repair leads to reversal of TNF-␣ expression; and (4) the extent of regression in the LV remodeling, ie, reverse LV remodeling, after MV repair is proportionate to the amount of preoperative TNF-␣ expression. These findings suggest that TNF-␣ may play a key role in the LV remodeling that occurs in patients with chronic MR.
TNF-␣ Expression in Patients With Chronic MR
Both myocardial TNF-␣ mRNA expression and plasma levels of TNF-␣ were elevated in MR patients. Similar to observations from an animal model of hemodynamic overload, LV volume overload and the resultant stretch stimulus may have led to TNF-␣ expression. 11 Although the findings of this study do not unequivocally prove that TNF-␣ was first produced in the heart, there is myocardial production of TNF-␣ in MR patients, whether it be primary or secondary. However, all of these patients had primary MR without evidence of systemic disease that could be responsible for systemic TNF-␣ expression. Therefore, it is very likely that TNF-␣ was first expressed in the heart with subsequent activation of systemic TNF-␣ expression. There was no detectable spillover of TNF-␣ across the heart in this study. It is possible that once there is robust TNF-␣ expression, the tests used may not be sensitive enough to detect very small gradients across the myocardium. Moreover, the rate of TNF-␣ biosynthesis may have been small in the steady state. TNF-␣ mRNA expression was assayed in the extracts from myocardial biopsy specimens. Therefore, it is not possible to identify the cellular source of myocardial TNF-␣ expression based on the findings of this study. However, prior studies from animals and humans have shown that cardiac myocytes themselves are capable of TNF-␣ gene and protein expression. 5, 10, 15 It is also possible that cellular components of the interstitium, including mast cells and others, may have contributed to cytokine expression. 16 
TNF-␣ and Its Receptors in Patients With Chronic MR
Similar to TNF-␣, plasma levels of TNF-␣ receptors 1 and 2 were elevated in MR patients. Receptor shedding frequently occurs during states of TNF-␣ expression. 17 Increased levels of plasma TNF-␣ receptors observed in this study confirm that there is a heightened state of TNF-␣ expression in MR patients. Receptor shedding may be a mechanism of autoprotection by downregulating the number of TNF-␣ receptors available on the cell surface.
TNF-␣ and IL-6
Because expression of IL-6 may be regulated by TNF-␣, plasma levels of IL-6 were also measured in this study. There was a relationship between myocardial TNF-␣ gene expression and plasma levels of IL-6. This observation suggests that myocardial expression of TNF-␣ may be the primary source of TNF-␣ in response to LV stretch with subsequent activation of IL-6 biosynthesis.
TNF-␣ and LV Remodeling and Reverse Remodeling in Patients With Chronic MR
An important finding of this study is that there was a relationship between TNF-␣ expression and LV remodeling in MR patients. Although it seems that TNF-␣ expression occurs secondary to LV dilatation, the role of TNF-␣ may have been more than just passive, as a result of ongoing LV stretch. Rather, TNF-␣ may play a role in LV remodeling and, therefore, perpetuate the LV remodeling process that occurs in MR patients. In a recent animal study, infusion of TNF-␣ was associated with LV remodeling, and, when the infusion was discontinued, there was at least partial reversal of LV remodeling. 9 In another study of human subjects with congestive heart failure, administration of soluble TNF-␣ receptors was associated with an improvement in LV remodeling, ie, reverse LV remodeling. 18 Recently, activation of matrix metalloproteinases (MMPs) was implicated in the pathogenesis of LV remodeling in congestive heart failure. 19, 20 Moreover, TNF-␣ was shown to activate MMPs in the heart with subsequent LV remodeling, and treatment with TNF-␣-binding proteins resulted in reversal of LV remodeling. 21, 22 It seems that the balance between tissue inhibitors of MMPs and MMPs in the normal heart 20 may be altered with a disproportionate increase in MMP levels compared with tissue inhibitors of MMP levels in response to TNF-␣, resulting in LV remodeling. 21 There was also a significant inverse relationship between the quantity of myocardial TNF-␣ expressed before MV surgery and the extent of regression in LV end-diastolic and end-systolic volumes, ie, reverse LV remodeling, after correction of the LV volume overload state with MV repair. Therefore, it is apparent that as the stimulus for expression of MMPs responsible for LV remodeling is removed, there is regression in LV dilatation. TNF-␣ may be the key link between LV stretch and activation of MMPs, which results in LV remodeling.
Conclusions
This is the first study to report that both myocardial and plasma levels of TNF-␣ and its receptors are elevated in patients with chronic MR, a state of LV volume overload that results in a stretch stimulus to myocytes. Because there is a relationship between myocardial TNF-␣ expression and LV remodeling, an inverse relationship exists between the extent of reverse LV remodeling and myocardial TNF-␣ expression, and reversal of TNF-␣ expression occurs after elimination of LV stretch with MV surgery. TNF-␣ seems to be the biochemical mediator between LV stretch and LV remodeling in MR patients. 
